
~ _ _ _ _ _ _ ~  

' i'r&&ed f o r  Ins t .  Phys. and 
The Physical SOC., Univ. - 
of Oxford, London, Eng. * 

v 
- .. . - _- 

HIGH-FIELD MAGNETS AND MAGNE;TIC RESEARCH AT 11p5 -68 7 - w  
NASA LEWIS RESFARCH CENTER x-4 

By James C. Laurence 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

INTRODUCTION 

The L e w i s  Research Center is involved i n  research on methods f o r  pro- 
pulsion and porer generation t o  be used i n  space exploration. This research  
i s  of an advanced nature  and involves chemical, e l e c t r i c ,  nuclear,  and o t h e r  
types of rockets. I n  addi t ion t o  the a c t u a l  propulsion research,  much 
support research  i s  necessary t o  develop these  advanced concepts. 
of these  concepts, s t rong  magnetic f i e l d s  are necessary t o  focus o r  contain 
high-tempkrature plasmas o r  t o  induce vol tages  i n  them f o r  power generation. 
I n  addi t ion t o  these appl ica t ions  of t h e  strong magnetic f i e l d ,  t he re  i s  a 
need f o r  h igh- f ie ld-s t rength  magnets f o r  bas ic  research on t h e  proper t ies  of 
mater ia l s ,  
magnetoresistance of pure metals and c rys t a l s ,  t h e  H a l l  e f f e c t ,  t h e  Zeeman 
e f f e c t ,  the  nuclear-magnetic resonance and o ther  resonance e f f e c t s ,  and 
many o thers  t h a t  w i l l  be discussed a t  t h i s  conference. 

I n  many 

Some of these  are t h e  c r i t i c a l  f i e l d s  of superconductors, t h e  

These two needs 'rere enough t o  e s t a b l i s h  a t  NASA L e w i s  Research Center 
a group of research  s c i e n t i s t s  who have the  r e s p o n s i b i l i t y  of producing 
high-strength magnetic f i e l d s  and of using t h e s e  f i e l d s  i n  fundamental 
r e s e a r c h  
paper. 

The a c t i v i t i e s  of t h i s  group of researchers  are descr ibed i n  t h i s  

TRE PRODUCTION OF HIGH FIELDS 

The concept of t he  low-voltage - high-current design of electromagnets 
I.ed t o  the  procurement of a homopolar generator  as a power supply f o r  t h e s e  
nagnets. This v e r s a t i l e  machin2 i s  described i n  ref. 1. It i s  only neces- 
s a r y  t o  say, therefore ,  t h a t  t he  power ava i lab le  i s  3 megawatts a t  a maximum 
voltage of 38 v (f ig .  1). 

l h l a  machine uses liquid-metal brushes t o  c o l l e c t  t h e  charge generated 
SY the r o t a t i o n  of a s t e e l  cyl inder  i n  a magnetic field produeed by a con- 

drawn from t h e  machine within t h e  voltage and power l i m i t s .  
t h e  generator  has proved t o  be except ional ly  reliable with p r a c t i c a l l y  no 
i n t e r r u p t i o n  of operating t i m e  f o r  maintenance. 

.v e>- L i ,  , - ionai motor generator. Any combination of voltage and curren t  can be 
I n  service, 

This  machine has been used t o  power three high-f ie ld  electromagnets t o  
t h e  present  time, two water ..cooled and one cryogenical ly  cooled. 



- 2 -  

Water-Cooled Electromagnets 

The Construction of t h e  water-cooled c o i l s  i s  i l l u s t r a t e d  i n  f i g o  2- 
A h e l i x  was formed by  machining a copper ingot  i n t o  a screw and co l l aps ing  
it t o  form a s e r i e s  of l a r g e  t h i c k  copper tu rnss  The flow of t h e  water i s  
i n  a t  t h e  c e n t e r  and out r a d i a l l y  t o  t h e  periphery, where it i s  c o l l e c t e d  
and discharged i n t o  t h e  sewer. The water i s  drawn d i r e c t l y  from t h e  mains 
a t  a pressure of 60 lb/sq in ,  and r equ i r e s  no s p e c i a l  t reatment  because Of 

t h e  low p o t e n t i a l  drop between turns,- about 1 v o r  less, 

The dimensions and ope ra t iona l  c h a r a c t e r i s t i c s  of t hese  magnets are 
given i n  t a b l e  I. It can be seen t h a t  t h e  water consumpt,ion i s  q u i t e  modest. 
Other noteworthy f e a t u r e s  of t h e  magnets are t h e  l a r g e  r a t i o  of t o t a l  con- 
ductor  volume t o  t o t a l  volume of t h e  c o i l s  (0.94 and 0,97), t h e  small temper- 
atlire r i s e  of t h e  cooling water, t h e  r a d i a l  d i s t r i b u t i o n  of t h e  cu r ren t  
(most current  where it does t h e  most good), and t h e  mounts  of energy s tored 
per  u n i t  volume (47.9 and 31.0 j /cm3)-  

O f  importance t o  t h e  experimenter i s  t h e  volume i n  t h e  f i e l d .  I n  par- 
Licular, the  low-temperature p h y s i c i s t  i s  i n t e r e s t e d  i n  t h e  volume i n s i d e  a 
1 iquid-he1 i u n  d e w a r  ava i l  s b l e  f o r  low-temperature - high-Yield research, 
For s ~ c h  YesParc-h, t hese  magnetc have c l e a r  working diameters of 1.6 and 
'.@ cm, ad the maxLmm t ~ e l J s  a-rai lable  :lye 110 and (38.5 k ;aLiss, respec- 
+, ively,  For high-f ie ld  r e sea rch  a t  room temperature, t h e  volume a v a i l a b l e  

L :  eiers :%re 4.6 an6 Pi*? cm, respect ively.  The magnetic I'ieltls are unifurnl 
v i t , h L ~  9L percent over +,he cen t r a l  10 cm of the  f i e l d .  A p i c t u r e  of t h e  
io-cm bore watcr-cooled rnagn~t  i s  shown i n  fig. 5 ,  

. -  



Since these  i n i t i a l  tests, t h e  neon r e f r i g e r a t o r  has been i n s t a l l e d ,  
t h e  f a b r i c a t i o n  of t h e  f i r s t  c o i l s  has been s t a r t e d ,  and t h e  dewar t o  
contain t h e  electromagnet has been constructed. 
i n s t a l l a t i o n  are shown i n  f ig s .  7 and 8. A t  t h e  present  time, t h e  complete 
system i s  being checked and prepared f o r  operat ion with 1 2  c o i l s  i n  se r ies .  

Some p ic tu re s  of t h i s  

RESEARCH I N  HIGH-INTENSITY MAGl"!IC FIEU)S 

The water-cooled magnets described have proved t o  be very  use fu l  topls 
i n  research  i n  superconducting a l loys  and in t e rme ta l l i c  compounds; Le,, 
t h e  hard superconductors. 
need f o r  superconducting magnets t h a t  w i l l ,  themselves, produce high f i e l d s .  
The materials of most i n t e r e s t  have thus been Nb-Zr a l l o y s  and t h e  in t e r -  
me ta l l i c  compound Nb3Sn. 

These are e s p e c i a l l y  i n t e r e s t i n g  because of t h e  

C r i t i c a l  Current - C r i t i c a l  F i e l d  Relat ions of Hard Superconductors 

The inves t iga t ions  i n t o  t h e  va r i a t ion  of c r i t i c a l  cu r ren t  wi th  c r i t i c a l  
f i e l d  of superconductors have been concerned with wires and ribbons i n  s h o r t  
simples and s m a l l  c o i l s  (solenoids)  wound from ribbons and w i r e s .  In tens ive  
research  has been done with 
zirconium a l l o y s  <with niobium. The r e s u l t s  of some of t hese  experiments are 
shown i n  t h e  curves of f i g ,  9, I n  t h i s  series of tests, a s h o r t  sample of 
ribbon coated wi th  a 3 S n  w a s  soldered t o  copper blocks using an u l t r a s o n i c  
so lder ing  technique and indium solder.1 The sample w a s  mounted t r ansve r se ly  
i n  t h e  f i e l d  and t h e  results obtained are shown i n  Chis figure.  The c i r c l e s  
are d a t a  taken when the  f i e l d  was held constant ,  and t h e  cu r ren t  w a s  slowly 
and r e g u l a r l y  increased through t h e  sample u n t i l  normal r e s i s t ance  appeared. 
The appearance of a p o t e n t i a l  drop Of 10 nanovolts across  a 1-cm length  w a s  t h e  
c r i t e r i o n  used t o  ind ica te  reversion t o  t h e  normal s t a t e .  The successive 
val.ues of IC are shown i n  f ig .  9(a),  
hood of 20 k gauss the  d a t a  began t o  s c a t t e r ,  A d i f f e r e n t  procedure gives  
an insLght i n t o  what w a s  happening, I n  t h i s  procedure, t h e  cur ren t  through 
the  superconducting sample i n  a z e r o  f i e l d  was f ixed  and t h e  f i e l d  w a s  
slowly and uniformly increased (diamond symbols). A s  shown i n  f ig .  9 (a ) ,  
?,he sample went normal a t  a f i e l d  i n t e n s i t y  of 2 t o  3 k gauss f o r  a cur ren t  
c;f 30 zmpa Successively l a r g e r  values of cur ren t  were s e t  i n  t h e  sample, 
and t h e  f i e l d  was increased with t h e  resu l t s  shown, Not u n t i l  a cu r ren t  of 
66 simp was set, however, d id  t h e  c r i t i c a l  f i e l d  occur a t  a value t h a t  placed 
a. pcrlnt 02 the IC-& curve nhte,ined by t he  f i rs t  tes t  procedure. Figure 
9<k)  skows r e s u l t s  f o r  another sample of NbgSn ribbon, The low-field 
i n s t a b i l i t y  w a s  l ikewise apparent i n  t h i s  sample, as shown by t h e  d a t a  
poinxs, A similar piece of r ibbon showed no such i n s t a b i l i t y  when %he 
ribbon was copper plated,  as shown i n  f i g .  LO, Indeed, i n s u f f i c i e n t  cur ren t  
w a s  a v a i l a b l e  t o  d r ive  the  sample normal a t  any f i e l d  l e s s  than 60 k gauss. 

NbgSn and wi th  25 percent and 33 percent 

It can be seen t h a t  i n  t h e  neighbor- 

The low-field i n s t a b i l i t y  was l ikewise found i n  Nb-Zr superconducting 
w i r e o  For example, fig.11shows the  r e s u l t s  of similar tests on shor t  

I 
These ribbon samples were obtained from t h e  Research Laborator ies  of 

Radio Corporation of America, 

I 
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samples Of Nb(25)Zr wire. 
being mounted, and t h e  same pecu l i a r  behavior was noted. Again, i n  c e r t a i n  
ranges of t h e  appl ied f i e ld  t h e  c r i t i c a l  cu r ren t  w a s  smaller than t h e  
values measured f o r  much l a r g e r  f ields.  The curves shown are no t  the re- 
s u l t s  of a s i n g l e  test  on one sample of material b u t  a r e  t y p i c a l  of many 
tes t s  conducted on materials processed b y  several manufacturers. 
t h e  presence of  copper p l a t i n g  o r  cladding on t h e  Nb-Zr w i r e  had t h e  same 
effect  as it did i n  t h e  case of 

The copper was removed from t h e  samples before  

I n  general ,  

Nb3Sg ( f ig .  12 ) .  

The d a t a  show t h a t  i f  t h e  magnetic f i e l d  about t h e  sample i s  l a r g e  
enough (>lo kg) ( e i t h e r  an e x t e r n a l l y  appl ied o r  a self-generated f i e ld ) ,  
t h e  i n s t a b i l i t y  does not  occur, and t h e  values f o r  IC f a l l  d i r e c t l y  on 
t h e  measured Ic-Hc curve. 

H a l l  Effect  i n  High-Intensity F i e l d s  

The inves t iga t ion  of t h e  H a l l  e f f e c t  i n  high magnetic f i e l d s  has been 
conducted wi th  commercjally a v a i l a b l e  semi-conductor devices  t h a t  have a 
l a r g e  H a l l  coe f f i c i en t .  The r e s u l t s  are shown i n  f i g ,  13. Tests were 
m a d e  a t  room temperature ( f ig .  13( a) ) and a t  liquid-helium temperature 
( f i E .  1.31b)) i n  appl ied f i e l d s  from 0 t o  75 k gauss. The response w a s  
approximately l i n e a r  a t  room temperature, and t h e  s e n s i t i v i t y  of t h e  output 
t o  changes i n  f i e l d  s t r eng th  w a s  good. This method has now beCome a 

.?i.oritiary standard of meastiring t h e  s t r eng th  of t h e  f i e l d  in  t h e  laboratory.  

A t  4.2' K ( f ig .  13(b) ) ,  t h e  H a l l  output i s  no longer a l i n e a r  funct ion 
of' t h e  applied f i e l d .  
dev ia t ion  of t h e  4.2" K curve from t h e  room temperature curve as a funct ion 
< > € '  t he  r ec ip roca l  of t h e  f i e l d ,  This i s  shown i n  f ig .  14, The o s c i l l a t i o n s  
(ans logous  t o  t h e  DeHass-Van Alphen o s c i l l a t i o n s  of magnetization) are 
c l w r l y  shown ir l  t h i s  f igure ,  
7-s a. per iodic  v a r i a t i o n  of t h e  d e n s i t y  of &$ates brith macnetic f i e l d ,  

A p e r i o d i c i t y  becomes apparent i f  one p l o t s  t h e  

The most important cause of t h e s e  o s c i l l a t i o n s  

Figure 15 shows a number of Ha l l - e f f ec t  devices,  which have been used 
r ~ ~ i ~ c e s s f u J  ly i n  various experiments. The response of some of t h e s e  devices 
i n  i i q u l d  helium i n  a magnetic f i e l d  i s  shnim i n  fic. I G .  There i s  3 
P : n i i l a r i t y  i n  t h e  curves, wi th  t h e  PeHass-Van :Uphen ePf'ect more pronolinced 
111 Loin62 01 tncm than i n  others. 

Maenctoresistance u C Ri1.e Metal 

The magnetoresistance o f  aliuniiiwn, ?ii:;mUth, copper, and zinc ha; beell 
The m e t a l s  used were w'ttiii-ed a t  4.2' K i n  f i e l d s  as hiph as 110 k ;uiiL;s. 

L e r y  pure; i.e., impuri t ies  l ess  than 10 parts per  mil l ion,  

I 

I n  order  t o  s e l e c t  a conductor for. a. high-l ' ield Cryot eni c811y cooled 
electromagnet, one of t h e  designer':; m a i i t  coilcertl; t h e  1112 rnetore:'isi,mce 
of' t h e  conductor. Since t h e  material  i s  ol' very high p u r i t y  and i s  I 



operated at very low temperatures, a l l  the normal terms in the resistivity 
are exceedingly small. Hence, the part that varies with the strength of 
the magnetic field accompanying the current flow is of prime importance. 
In some metals, this magnetic component increases almost linearly with 
field strength. Materials such as copper and bismuth are excellent trans- 
ducers for field-strength probes. In other materials, such as aluminum, 
sodium, etc., the magnetoresistance saturates as the field strength is 
increased. These are the materials that are used as conductors in cryo- 
genically cooled electromagnets. 

Extensive measurements of the magnetoresistance of 99.999+ and 
99.9983 percent pure aluminum have been made at Lewis and at the National 
Bureau of Standards in Boulder, Colorado. The results of some of these 
measurements are shown in fig. 17, which includes measurements from ref. 4 
and from our own laboratory. These curves show clearly the saturation of 
the magnetoresistance with increasing field strength. 
increase in purity of 7 to 8 parts per million has a marked effect on the 
results at the lower temperatures and practically none at the higher. 
One experimental point that agrees with the other data is the resistivity 
of 99.9983 percent pure aluminum at liquid-neon temperature in a zero 
field. These measurements were instrumental in the choice of aluminum 
Tor the large neon-cooled electromagnet previously described, 

The effect of the 

SUMMARY 

The low-temperature, high-field-strength facilities of the Lewis 
Research Center, consisting of two copper water-cooled solenoids in the 
100-k gauss range, are being used to investigate fundamental properties 
of materials at low temperatures and in high magnetic fields. A large 
cryogenically cooled, aluminum solenoid is being built and installed that 
will substantially increase the volume and field strength available for 
this research. These experiments are concerned with superconduc%ors and 
semiconductors of various kinds. Some of the data that have been obtained 
a r e  r,resented. The research, with special emphasis on the critical 
ror:stants of hard superconductors, is being continued. 
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TABLE I, - SPECIFICATIONS OF WATER-COOLED MAGNEIPS 

Spec i f i ca t ion  
1 -  

Number of t u r n s  
Thickness of tu rns ,  cm 
Spacing between turns ,  cm 
Packing f r a c t i p n  
Dimensions, cm 

a 
B 

Space in s ide  l i q u i d  
helium dewar, cm 

Space i n s i d e  magnet core  
a t  room temperature, cm 

Makimum f ie ld ,  k gauss 
CuPrent, k amp 
Voltages ( t o t a l ) ,  v 

Voltage between turns ,  v 
Cooling-water flow rate 

( a t  60 p s i ) ,  lb /sec 
Cooling-water temperature 

rise, 'C 
FiaLd-current r a t i o ,  

Snergy stored/volume, j/cm3 
gauss/mp 

5-cm bore 

24 
0.95 
0.064 
0.94 

5 I.D., 40 0.D. 
8.00 
4.85 

1.6 

4.6 
110 

90 
18 

0.6 

10.2 

22 

1.15 
47.9 

I'O-cm b o r e  

420 
2,032 
0, 102 
0-97 

$0 I.D., 50 %De 
5.0 
4.2 

6.0 

8.9 
88-5 

150 
13.8 

0.7 

40 

13 

0.59 
31.00 



TABU 11, - SPECIFICATIONS OF CRYOGENICALLY COOLED ALUMINUM MAGNET 

Spec i f i ca t ion  Design Accomplished a t  p r e s e n t t  

Number of c o i l s  1 2  2 
Number of t u r n s / c o i l  75 72 
Packing f r a c t i o n  0.5 0.46 
Dimensions, c m  30 I.D., 90 0.D 30 I.D., 90 0.D 

a 3.0 3.0 
B 4.8 0. % 

Space in s ide  l i q u i d  

Space in s ide  magnet core 

Maximum f j e ld ,  k gauss 200 48.6 I Maximum curren t ,  k amp 15.2 10.8 
' i : k : > ~ e  ( t o t a l ) ,  v 30.6 3.84 

1 X'ower. consumed, k w  460 41.1 I Koan-temperature 
I r c s i s t ance ,  ohms 0.200 0.070 

I helium dewar, c m  250 7 25s 7 

at, room temperature, cm 25.7 2 5 - 7  

1 

itiquid-hflrogen r e s i s t ance ,  
1 
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Fig. 1. - Characteristics of homopolar machine. 

Fig. 2. - Construction of water-cooled magnets. 



BACK IN G CHANNEL-”  ALUMINUM 
CONDUCTOR 

Fig. 4. - Construction of coils of cryogenically cooled aluminum magnet. 
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Fig. 5. - C o i l s  i n  dewar. 
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B, KGAUSS 
Fig. 6. - Performance characteristics of aluminum magnet. 

Magnetic field, two coils; coolant, liquid hydrogen. 



Flg. 7 .  - B O t L o m  view rreori-cooled electromagnet corltairment 
"eSSe1. 
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F i g .  9. - C r i t i c a l  c u r r e n t  a s  f u n c t i o n  of c r i t i c a l  f i e l d  for NbgSn r ibbon.  
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Fig. 10. - Critical current as function of critical field for copper plated 
Nb3Sn ribbon. 

COPPER CLAD 
COPPER PLATE 

I I I I I I 
IO 20 30 40 50 60 
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Flg. 11. - Critical Cument as function Of critical field 

for Nb(25)Zr wire. 
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Fig. 12. - Critical current as function of critical field, 
copper plated Nb(33)Zr wire. 

MAGNETIC FIELD, H, KGAUSS 
(a) Room temperature. 

Fig. 13. - Response of Hall-effect device as a function of externally applied 
magnetic field. 
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(b) Liquid-helium temperature. 

Flg. 13. - Concluded. Response of Hall-effect device as a function of externally 
applied magnetic field. 
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Fig. 14. - D ~ ~ v i a t i o n  of voltage output of Hall-effect device at 4.2' K from 

l l t lear '  output at room temperature. 



Fig.  15. - Commercial Hall-effect device. 
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F i g .  16. - Response of Hall-effect devices at 4.2' K as a function of externally 
applied magnetic field. 
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